We show how calculated ionization potentials and electron affinities of doped diamond nanoparticles can be used to predict the donor and acceptor excitation energies of doped n-type and p-type semiconducting bulk diamond. The method uses good quality quantum chemical calculations on small clusters of diamond and doped diamond. Excitation energies are calculated based on differences in total energies of neutral and positively or negatively charged clusters. When charges are free in the bulk, as for an electron associated with substitutional B Ϫ , a simple particle-in-a-box kinetic energy of cluster confinement is taken into account. Optical and thermal excitation energies are calculated for dopants using the B3LYP hybrid density functional method with the 6-31G basis set and substituted C 44 H 42 nanocrystals in the bulk structure and with structure optimization around the defects. Based on eight experimentally determined values, the errors of this method are 0.6 eV and less. Calculations at this level allow screening for potential shallow donor and shallow acceptor defects. A classical approach to estimating the cluster confinement energy based on charging the cluster in a polarized dielectric continuum is tested and shown to be less successful. Diamond films grown by chemical vapor deposition are finding uses as inert electrodes.
Diamond films grown by chemical vapor deposition are finding uses as inert electrodes. [1] [2] [3] [4] When heavily doped with boron, which has a charge carrier activation energy of 0.37 eV at low concentrations, such films are semimetallic. 5, 6 Doped diamond films have promise for use in semiconductor devices if sufficiently shallow acceptor and donor dopants can be found.
To assist in the discovery of shallow dopants, quantum theory can be called upon. A successful theoretical approach should allow testing single and multiple atom substitutional and interstitial defects for their donor and acceptor activation energies for generating, respectively, electron (e Ϫ ) or hole (h ϩ ) charge carriers. The holes will be at the top of the bulk diamond valence band or at the top of a filled defect band in the bulk diamond bandgap. The electrons will be at the bottom of the bulk diamond conduction band or at the bottom of an empty defect band in the bulk diamond bandgap.
There have been density functional band calculations of bandgap orbital energies that have been used to describe donor and acceptor charge carrier activation energies. [7] [8] [9] [10] [11] These permit only rough conclusions to be drawn in part because the orbital eigenenergies do not well represent the bandgap in the Koopmans' sense. 12 Tentative conclusions can also be drawn from orbital energies from semiempirical calculations for neutral cluster models of defect sites in diamond. [13] [14] [15] [16] Full self-consistent field calculations of energies of neutral and ionized cluster models of dopant centers should give accurate ionization potentials ͑IP͒ and electron affinities ͑EA͒ of the clusters and provide a route to calculating dopant excitation energies. This approach does not seem to have been pursued, probably because it produces bandgaps that are too large for the bulk. However, as shown below, extrapolation to bulk excitation energies is possible. For the present case, the cluster is a diamond nanocrystal terminated by C-H bonds just like a hydrogenated diamond surface. The lowest optical bandgap excitation creates a state with an electron removed from the top of the crystal filled band and placed in the bottom of the empty band. In the nanocrystal, the electron and hole are trapped close to each other. In bulk diamond, an electron and hole created by bandgap excitation can be fully delocalized and free from each other. The excitation energy for the nanocrystal will be different from that of bulk diamond because of this. When viewing the nanocrystal as a model for the bulk, it is possible to correct for the electron and hole proximity by calculating the cluster IP and EA and noting that, to this level of approximation, the bulk bandgap, ⌬E B Ј , is given as
where the right hand side has total energies of positive, negative, and neutral clusters made up of X carbon and Y hydrogen atoms. Thus, the electron and hole are modeled by being on different noninteracting clusters. The prime is written because a charge confinement energy must also be taken into consideration.
Acceptor excitation energies, ⌬E A Ј , and donor excitation energies, ⌬E D Ј , can be similarly calculated to the same level of approximation by the formulas
and
where, for interstitial acceptors A and donors D, XЈ ϭ X; for substitutional dopants, XЈ X.
Corrections to ⌬E B Ј take into account the destabilizations of the electron in C X H Y Ϫ and hole in C X H Y ϩ that are caused by their confinement. Ideally, one would increase the cluster sizes until the bulk limit is reached, but that is computationally prohibited. For modeling the corrections, two approaches come to mind: classical and quantum mechanical. Both should lower the energies of the clusters used to model delocalized charge carriers. Let the destabilizations for confining the electron and hole be E ce and E ch , respectively. Then to this level of approximation, Eq. 1 for the bulk bandgap becomes
Taking the quantum mechanical viewpoint first, donor excitation energies will be reduced by the confinement energy of the electron in the C X H Y Ϫ cluster. The hole should be localized on the donor and the surrounding carbon atoms will be polarized to reduce the posi-tive charge on it. Enlarging the cluster is assumed to not stabilize the ionized DC X Ј H Y cluster relative to the neutral one significantly. Therefore, the donor excitation energy in Eq. 3 becomes
where E qce is calculated quantum mechanically using a model potential.
Acceptor excitation energies will be reduced by the confinement energy of the hole in the C X H Y ϩ cluster. The promoted electron that is associated with the acceptor will be bonded to it weakly, for example, by an electron pairing energy with no coulomb component in the case of the substitutional boron atom. Assuming that this weakly held electron will be described by an orbit considerably larger than that of the AC X Ј H Y cluster, the acceptor excitation energy of Eq. 2 becomes
where E qch , the hole confinement energy, is evaluated similarly to E qce .
The classical approach used is that of correcting the energies of all charged clusters by calculating their interaction with a polarized surround with the diamond dielectric constant. 17 The polarized continuum model, outlined in the documentation to the Gaussian 98 quantum chemistry package of Ref. 17 is essentially related to the Born model originally used for estimating solvation energies of ions. 18 In this approach, a stabilization energy is added to all of the charged cluster energies in Eq. 1-3.
The results of these two approaches will be seen to have remarkable similarities in donor excitation energies. However, the classical approach significantly overestimates the bandgap and B acceptor excitation energy and is in poorer agreement with all results on the physical scale.
Tables of excitation energies quickly convey information that is used in formulas for semiconductor charge carrier concentrations where excitations are thermally or photoinduced. Other important physical properties such as space charge formation and band bending at interfaces depend on IPs and EAs of materials on either side of the interface and these properties are reported relative to the vacuum level, which is zero on the physical scale. Bulk IPs based on clusters are calculated by
where the electron is at the vacuum level such that E(e Ϫ ) ϭ 0. Bulk electron affinities based on clusters are calculated by
where the electron comes from the vacuum level and the negative sign on EA gives the convention that a material that attracts electrons from the vacuum level has a positive EA. A general schematic illustration of donor and acceptor energies and bandedges is in Fig.  1 . In the case of some diamond surfaces, EA is negative and the CB edge in Fig. 1 would then lie above the vacuum level.
Computational Approach
The hydrogen terminated C 44 H 42 , XC 43 H 42 , and XY C 42 H 42 clusters are used with CH internuclear distances fixed at 1.11 Å, and all unrelaxed CC internuclear distances fixed at the bulk bond length, 1.5445 Å. Figure 2 shows the carbon atom framework with shaded circles indicating the atoms that are allowed to relax. The lower diagram defines the directions along which the shaded atoms are allowed to relax and specifies the positions of substitutional dopant atoms X and Y. Hybrid density functional theory calculations were performed using the B3LYP method with a 6-31G atomic basis set. Comparisons with other basis sets showed that this one was cost effective in terms of computer time, and sufficiently accurate compared to much slower extended basis set calculations. The Gaussian 98 software was used. 17 When calculating the effects of the dielectric surround on cluster charging, the simple polarized continuum model option of Gaussian 98 was employed. A default value of 5.621 was used for the dielectric constant, which approximates the diamond value of 5.5.
The XYC 42 H 42 clusters measure approximately 6.8 ϫ 6.8 ϫ 9.2 Å. The energy of a particle of mass m in a box is given by
For an electron in its ground state (n x ϭ n y ϭ n z ϭ 1) in this box ͑L x ϭ L y ϭ 6.8 Å and L z ϭ 9.2 Å͒ the energy is 2.07 eV. Effective mass approximations for electrons and holes that are used in theoretical interpretations of bulk electronic properties break down when applied to very small nanoparticles. [19] [20] [21] Setting the quantum confinement energies for the electron and the hole, E qce and E qch , both equal to the free electron mass energy value of 2.07 eV, results in good agreement with available experimental data. A few calculations have also been made using a larger XYC 96 H 78 cluster. 22 Its dimensions, determined in the same way as for the smaller cluster, were 9.6 ϫ 9.6 ϫ 9.2 Å for which the quantum confinement energy is 1.26 eV. However, this was too small to give the experimental bandgap ͑5.49 eV͒. Increasing E ce and E ch to 1.65 eV did yield the experimental gap and good predictions for several donor excitation energies. Thus, the quantum confinement energy could be viewed as a semiempirical parameter.
Results
Quantum corrected excitation energies.-As explained earlier, the calculated electronic properties reported herein are derived from calculations of IPs and EAs of nanocrystals of diamond and doped diamond nanocrystals with approximate quantum or classical extrapolations. The results of the more accurate quantum approach are given first; these results and the XYC 96 H 78 results are discussed in greater detail elsewhere. 22 As may be seen in Table I , there are large structure changes upon ionization of some of the doped clusters. When N substitutes for C in the diamond lattice, an extra electron is introduced and it has to occupy an orbital in the antibonding (*) conduction band. When a C-N bond is stretched, a * orbital directed along the stretched bond becomes stabilized and drops, bearing one electron into the bandgap. The N-C bond order is then 1 2 and the bond stretches as far as the restoring forces due to the neighboring carbon atoms and further neighbors in the lattice let it. The bond stretches 0.44 Å from the bulk value. Upon ionization, the * orbital is empty and the restoring forces from the neighboring atoms push the N-C bond to a shorter value, reducing it by 0.41 Å. In the case of N-N, there are two electrons in the * orbital and the N-N bond order is 0 and the N-N internuclear distance is 0.61 Å greater than the C-C distance. Ionizing this bandgap orbital restores a bond order of 1 2 and the N-N distance decreases by 0.20 to 0.41 Å, which is close to the N-C half-order band length of 0.44 Å. The other donor substitutional atoms and ions can be analyzed similarly. In the case of the substitutional boron acceptor atom, there is one less bonding electron, so a bonding orbital from the valence band rises up into the bandgap as a B-C bond of order 1 2 stretches. The stretch is 0.23 Å and when an electron is added to the boron to create B Ϫ , there is a relaxation of 0.20 Å back to the bulk diamond value since the bond order is restored to 1. By stabilizing the ionized states, these relaxations make the thermal excitation energies smaller than the optical ones.
All calculated optical and thermal ϪIP and ϪEA for the clusters, the former decreased by E qch ϭ 2.07 eV for C 44 H 42 ϩ and the latter increased by E qce ϭ 2.07 eV for C 44 H 42 Ϫ and BC 43 H 42 Ϫ , are in Table II . Using negative signs on IP and EA puts the energies of the states on the physical scale with the vacuum level at E ϭ 0. It is emphasized that these are not energies of orbital eigenvalues. The donor or acceptor orbital eigenvalues for the neutral clusters are listed in Table III . They lie ϳ0.7 to 1.5 eV higher, except for C ϩ , which is 1.2 V lower.
Results from Table II are displayed in Fig. 3 . The ionization energy shifts due to relaxation are clearly evident within the bandgap. The bandgap itself, 5.61 eV, is close to the measured value of 5.49 eV. Predicted optical and thermal excitation energies are in Table IV . Of the seven comparisons with experiment that are given ͑not including the bandgap prediction just mentioned͒, the largest error is 0.6 eV. [23] [24] [25] [26] [27] [28] [29] [30] Classically corrected excitation energies.-The polarized continuum calculations yield stabilizations of C 44 H 42 Ϫ and BC 43 H 42 Ϫ clus- Table II . The electron energy is zero. The bandgap, 7.71 eV, is 2.24 eV too large and the substitutional B excitation energy is 2.09 eV too large but all other predictions ͑Table IV͒ are very close to those obtained using the quantum confinement correction. This is because the dielectric-surround modelinduced 1.03 eV increase in C 44 H 42 EA and 1.09 eV decrease in the XYC 42 H 42 IP brings all donors 2.12. eV closer to the conduction band. This is about the same as the quantum confinement correction on C 44 H 42 Ϫ bringing the conduction band 2.07 eV closer to the uncorrected donors. However, the dielectric correction gives only about half of the needed decrease in cluster bandgap and half of the needed decrease in substitutional B excitation energy. The electronic structures based on this model are in Fig. 4 along with the B3LYP highest occupied or lowest unoccupied orbital energies for the neutral nanocrystals. Interestingly, the orbital energies and the excitation energies are in rather good agreement with one another. Comparison with more accurate quantum confinement based predictions in Fig. 3 brings out the above-mentioned deficiencies in the classical confinement approach.
Conclusions
It has been shown how to estimate doped bulk diamond electronic properties based on doped nanocluster IP and EAs together with energy contributions based on spatial confinement of the added charge. The quantum confinement energies, based on the particle-ina-box model yield more accurate bulk predictions than the classical model for charging the nanoclusters in a polarized dielectric continuum. Compared with eight pieces of experimental data, the largest error in the quantum approach is 0.6 eV. Fig. 3 , but using the classical corrections to predict optical and thermal energies and including the HOMO ͑donor͒ energy levels for donors and LUMO ͑acceptor͒ energy levels for acceptors obtained in neutral cluster calculations.
